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1. INTRODUCTION

1 . 1 . Purpose of Study

The purpose of this study was to use dissolved methane as a tracer of

mean circulation and to define vertical and horizontal mixing

local regions of  the southeastern Bering Sea. The subregions

study included St. George Basin, a fault basin located on the

sca les  in

se lec ted  for

o u t e r  shelf of

Bristol Bay, and the North Aleutian Shelf. Both regions were identif ied as

potential  off-shore leasing sites for gas and oil  production.

Based on previous investigations in Bristol  Bay (Cline, 1976, 1977), it

was known that localized sources of methane occurred in both areas. By

carefully examining the seasonal distributions of methane and by quantifying

the extent and magnitude of these sources, it might be possible to delineate

horizontal and vertical mixing scales as well as confirming the mean current

f i e l d .

Methane is a common component of petroleum and is also produced by

microorganisms. The origin of methane in petroleum is via thermal cracking

of larger organic molecules, whereas methane derived biologically is from

the exothermic reduction of carbon dioxide by specialized anaerobic bacteria

(Claypool  and Kaplan, 1974). In either case, methane is a dissolved gas

observed at moderate concentrations in the shelf waters of the Bering Sea

and becomes a natural chemical tracer of the movement of the dissolved

fractions of crude oil ,  whether they arise from a tanker spill ,  pipeline

rupture, or well blowouts.

1 .2 . Objectives

The principal goal of this research was

quantitative tracer of  circulation processes

to use dissolved methane as a

and mixing dynamics in selected

a r e a s  o f

s p e c i f i c

the  southeastern Bering Sea. This report deals with two site-

areas, the North Aleutian Shelf (NAS)  and St. George Basin (SG13).

319



Spec i f i ca l ly ,  the  ob jec t ives  were :

1. To quantify the longshore  mean current and cross-shelf  dispersion

coefficients along the NAS using the tidal flux of methane from

the Port Moller estuary as a chemical tracer.

2 . To estimate near-bottom current trajectories and lateral dispersion

coefficients in St.  George Basin, using the bottom source of

methane as a chemical tracer.  .

3. To estimate the depth dependent vertical eddy diffusivity in St.

George Basin using a one-dimensional vertical flux model.

4. To analyze the distributions of methane in terms of a two-

dimensional diffusion-advection model for the purpose of confirm-

ing mean current velocities and estimating the magnitude of

horizontal and vertical mixing processes.

1 . 3 . Relevance to OCSEAP

The persistence of oil in Bristol Bay depends on physical, chemical and

biological processes that act in concert to disperse and degrade petroleum.

These  processes ,  each  with  the ir  character is t i c  t ime sca les  ( i . e . ,  ha l f - l i fe ) ,

must be considered together in order to determine a characteristic time (or

space) scale for the persistence of  oil  or some fraction thereof. Circula-

tion and mixing processes are characterized by relatively short time scales

and thus represent a f irst-order process. Given that the volume

oil is likely to be small compared to the volume of water in the

is anticipated that harmful impacts due to petroleum development

limited to small  areas,  probably less than500  km2.

o f  s p i l l e d

r e g i o n ,  i t

w i l l  be

Utilization of methane as a chemical tracer of circulation and dis-

persion allows mesoscale mixing processes to be more clearly defined. In
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particular,  these studies permit quantitative predictions of  water mass

trajectories,  dispersion characteristics and water mass residence times, all

of  which are required to quantify the potential  impact of  oil  on l iving

resources.
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2 . BACKGROUND

2.1. Chemical Tracers

The natural occurrence of dissolved methane is normally due to the

metabo l i c  act iv i t ies  o f  spec ia l ized  marine  bacter ia  that  e i ther  se lec t ive ly

reduce molecular CO or ferment simple fatty acids into CO and methane
2 2

(Claypool,  1974) . Regardless of which mechanism prevails in nature, the net

result is that a small portion of the amually  fixed carbon is reduced to

methane. Methanogenesis is normally considered an anaerobic process,

usually occurring within oxygen-deficient environments (Reeburgh  and Heggie,

1977) .

Once methane is released to the water column, usually by diffusion, or

in some cases, by bubble injection, the water parcel is chemically marked.

The resulting distribution of methane is a function of the input rate,  the

ve loc i ty  f i e ld ,  eddy  d i f fus ion , air-sea exchange, and biological oxidation.

Each of  these processes will  be discussed below, but suffice it  to say that

under certain limiting conditions, methane may behave as a conservative

property  so  long  as  the  spat ia l  sca les  are  not  too  great .  This  condi t ion

presumes that biological oxidation and air-sea exchange are insignificant

over the time scale of  interest. If  air-sea exchange and biological oxida-

t i o n  o f  C H4 t o  C 02 are  re lat ive ly  smal l  e f fec ts ,  then  the  d is tr ibut ion  o f

methane is largely governed by the magnitude of the source term

mixing characteristics of the system.

Baseline studies conducted in 1975 and 1976 indicated that

high concentrations of methane were present in St. George Basin

the North Aleutian Shelf near the Port Moller estuary. Whereas

and the

anomalously

and along

both sources

appeared to be localized, a detailed observational program was initiated to

assess the seasonal distributions and derive independent estimates of mixing
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parameters

tributions

scenar ios ;

associated

based on model interpretation of  the distributions.  These dis-

were similar in scale (actually larger) to proposed oil  spil l

thus methane served as a natural  analog tracer of oil impacts

with petroleum development.

We now proceed to discuss the geography, hydrology and oceanography of

the two regions as necessary introductory information to the discussion to

fo l l ow.

2 . 2 . Southeastern Bering  Sea

The area and volume of the southeastern Bering Sea, computed out to the

200 m isobath, is 419,000 km 2 and 30,000 km 3, respectively,  which calculates

a mean depth of approximately 70 m. Freshwater input occurs primarily from

the Kuskokwim and Kvichak Rivers, located on the northern and eastern sides

of the region (Fig.

the offshore waters

Bristol  Bay is

located  at  d is t inct

1), which results in a 2°/OQ sa l in i ty  d i f ference  between

and the near-shore areas (Schumacher et al., 1979).

characterized by a series of  frontal features,  primarily

bathymetric depths (Kinder and Schumacher, 1981a).

These fronts occur roughly at the 200 m (shelf break front), 100 m (middle

shelf) and 50 m (imer front) isobaths (see Fig.  4-1;  Kinder and Schumacher,

1981a). Mean circulation landward of the middle front is presumed weak (s2

cm S-l) and hydrographic structures are largely determined by buoyancy

input, wind stirring and tidal mixing (Kinder and Schumacher, 1981a; see

the ir  report  for  deta i l s ) .  There  appears  to

around the perimeter of Bristol Bay, largely

be a weak cyclonic  c i rculat ion

confined to the coastal zone (z

~50m).

The region is partially ice covered in winter,  usually beginning in

protected bays in November and building to a maximum in March. ‘I’he spring

melting results in considerable freshwater added to the surface (Schumacher
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et al., 1979).

is u s u a l l y  l e s s

can be found in

1981b;  Coachman

there in .

Maximum areal ice coverage is approximately 60%; thickness

than 1 m. Details on hydrography and climate of the region

reports by Kinder and Schumacher, 1981a; Kinder and Schumacher,

and Charnell,  1979; Overland, 1981; and references contained

2 .3 .  North  Aleut ian  Shel f  (NAS)

The NAS region encompasses the near shore areas

the west to the Kvichak River on the east (Fig.  1).

ized by a vertically well mixed coastal zone (z ~ 50

graphically separated from the seasonally stratified

from Unimak Island on

This region is character-

) ,  w h i c h  i s  hydro-

regime  located seaward.

Strat i f i cat ion  i s  most

winter. The breakdown

reportedly due to wind

intense in the summer and nearly vanishes during

of  vert i ca l  s trat i f i cat ion  in  the  coasta l  z o n e  i s

and tidal mixing (Kinder and Schumacher, 1981a).

There appears to be no major source of freshwater along the NAS, except

the Kvichak River at the eastern extremity. There are undoubtedly numerous

diffuse sources,  including the possibility of  submarine aquifers originating

in the mountains of the Alaska Peninsula. Mean velocities are estimated at

-1no more than 3-5 cm s to the east (Schumacher et al., 1979), with a strong

seasonal variability in direction and magnitude (Personal communication, J.

Schumacher).

The principal embayment  along the NAS is Port Moller,  which has two

arms, each approximately 38 km in length, with mean depths ranging from 5 m

to 15 m. The western arm, Herendeen  Bay , is the deeper of the two with

depths to 100 m in a small inner basin. Tidal currents within the Port

Moller-Herendeen  Bay complex are relatively strong, reaching maximum ebb and

flood velocities of approximately 150 cm s ‘1 (Department of Commerce, 1980).

1976

Measurements made in September-October of 1975 and again in July of

(Cline, 1981), revealed that the Port Moller  estuary was a significant
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source of dissolved methane to the surface waters, which could be traced to

the northeast for distances of 200 km. The source of methane within Port

Moller was not specifically known at that time, but was believed to arise

from methanogensis  in anoxic marine muds or possibly from the discharge of

camery wastes at Port Moller.

2 . 4 . St. George Basin

St.  George Basin is an offshore fault basin located near the shelf

break (Fig .  1 ) . The axis of the basin is northwest-southeast, running

roughly from Unimak  Pass to the Pribilof  Islands. The basin proper is

largely contained between the 100-200 m isobaths.

The basin waters are separated from the inner shelf by the middle front

at about 100 m and from the Bering Sea water located seaward of the 200 m

isobath  (Kinder and Schumacher, 1981a; see their Fig. 4-l). Dynamic topo-

graphies are largely oriented parallel to the isobaths and reflect weak mean

currents toward the northwest (Coachman and Charnell,  1979). Although

seasonal variations do exist, surface and near-bottom mean currents are

usually < 5 cm s ‘1 (Coachman and Charnell, 1979; Kinder and Schumacher,

1981a).

The waters overlying SGB appear to be seasonally stratified with a

strong erosion and deepening of the pycnocline in winter. Because the

Alaska Stream-Bering Sea water penetrates the shelf  seasonally (Kinder and

Schumacher, 1981a), it is expected that the basin water is modified seasonally

by cross-shelf  advection  and  d i f fus ion .
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3. METHODOLOGY

3 . 1 . Sample Collection

Water samples were collected using standard 5 L Niskin@ bottles mounted

on a General Oceanics  Rosette. Once on deck, water was transferred to clean

1 L glass-stoppered bottles such that air bubbles were not trapped. The

samples were stored in the dark at approximately 5*C until analyzed, which

was usually  within two hours.

3 . 2 .

that

Preconcentration

The analysis of methane was accomplished using a procedure adopted from

originally proposed by Swimerton  and Linnenbom (1967). A detailed

discussion of the methods used for analyzing methane and other LMW hydrocarbons

can be found in Katz (1980). Briefly, the ❑ ethod is as follows: Dissolved

methane was removed from approximately 250 mL of seawater by helium stripping.

Gases removed from solution were passed through Drierite@, Ascarite@ and

Tenax G.C.@ traps to remove water vapor, carbon dioxide and heavier hydrocarbons.

Methane was concentrated on an activated alumina trap at -196*C. After

quantitative removal from solution, (-5 minutes at a helium flow rate of

100 mL rein-l) the trap was warmed to 100*C and

directly into a gas chromatography.

3 . 3 . Gas Chromatography

Detection of methane was carried out on a

the methane was

Hewlett-Packard

backflushed

571OA gas

chromatography equipped with dual flame ionization detectors. In order to

insure separation of methane from the air gases (N2 and 02), chromatography

was accomplished with an activated-alumina, 60-80 mesh, column (1.8mx 0.48

cm). Chromatography was completed in less than two minutes at a carrier

flow rate of 50 mL min‘1 and the oven held isothermally at 100°C. Quantita-
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tion was accomplished by comparing the samples with methane standards of

known concentration. The precision of the analysis is i5% at one standard

deviat ion . Intercalibration  with NBS showed our analysis to be accurate to

5%.
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4. RESULTS

4 . 1 . St. George Basin

Based on measurements made in 1975 and 1976 (Cline, 1980],  large accumula-

tions of methane were discovered in the near bottom waters of St. George

Basin. The methane plume indicated a northwest current trajectory in agreement

with observations (Kinder and Schumacher, 1981],  although the nature of the

source of CH4 was poorly defined. In an attempt to clarify the mean circula-

tion and lateral mixing characteristics of the basin, and in particular the

near-bottom waters, we examined the distribution of methane seasonally and

attempted to determine its source. From these measurements, together with

the usual hydrographic  parameters (e.g., SO /O O,  T°C),  we explored methane as

a natural tracer of  dissolved and emulsified oil  that might be released

during exploration and production activities.

The station grids occupied during the seasonal visits are shown in

Figures  (2a-2c). Stat ion  pre f ixes  are : UP  (Unimak Pass), SG (St. George

Basin),  and PL (Probes Line). The last of these was a line of stations

occupied frequently by the PROBES Program and thus was included in our

compliment of stations for purposes of continuity,  since there was signi-

f icant overlap in the objectives of  the two programs.

In August of 1980, not all of the stations were occupied in St. George

Basin due to a priority allocation of time to the North Aleutian Shelf

work. More complete coverage was accomplished in February and May of 1981,

although in every case, insufficient time was available to trace the methane

plume to the northwest beyond the Pribilofs.

In order to summarize the seasonal hydrography of the region, we present

the distribution of properties along the PROBES Line. Hydrographic conditions
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for August 1980 are shown in Figures (3a-3d), including dissolved methane

which reveals strong vertical and lateral gradients along the section. The

highest concentrations observed were in the near-bottom waters of St. George

Basin (near PL-6) and a smaller maximum near PL-14. Inshore of PL-14  little

vertical structure in the distribution of Cl+ was  observed  with  concentrat ions
4

between 400-500 nL/L (STP]. The lowest  concentration of methane was found

in the offshore surface waters, where concentrations approached 280 nL/L.

If the water column were in equilibrium with the atmosphere, the concentra-

tion of methane would range between 50-70 nL/L, depending mostly on the

water  temperature  (Yamamoto et al., 1976). Thus, methane is seen to be

highly supersaturated, even in the surface layers, with enrichment factors

of at least f ive. The source of methane is

though it remains difficult to pinpoint the

the general background levels.  Near-bottom

most probably biological,  al-

exact source that contributes to

and benthic  microbial activity

as well as zooplankton  excretion seem the most likely sources (Scranton and

Brewer, 1977).

Salinity and temperature distributions for August are shown in

Figures  (3b,c). The haline structure revealed characteristic surface outflow

of low salinity water,  principally from the Kvichak and Kuskokwim  Rivers and

the intrusion of  high salinity,  cold water onto the shelf  from the west or

southwest. Inshore of PL-20, water properties were uniform with depth,

showing the effects of strong vertical turbulence generated by winds and

tides (Kinder and Schumacher, 1981a).

larily the middle shelf region (100  m

salt was suggestive of  diffusive salt

Within St. George Basin and particu-

< z < 50 m),  the lateral gradient in

exchange (Coachman et al., 1981)

rather than vigorous advective processes. In fact, Kinder and Schumacher,

(1981b) have shown that the mean currents are everywhere less than 5 cm/s

throughout the year. The strongest vertical stratification observed along
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the section was near PL-6 (Fig. 3d), which coincides with the maximum thermal

and methane gradients. Later on in the discussion, we will elaborate on the

s igni f i cance  o f  th is  seasonal  s trat i f i cat ion  as  i t  re lates  to  the  fate  o f

oil  released in this environment.

Figures (4a-4d) show conditions for

of methane were significantly lower than

Tebruary 1981.

those observed

Concentrations

in August, both “

at the surface and at depth (Fig. 4d). The maximum concentration of methane

was near PL-6/PL-8  as observed previously, but was reduced to approximately

25% of the August value. Concentrations in the surface layers remained high

at 200 nL/L or about a factor of 3 above saturation (Yamamoto et al., 1976).

A reduction in biological activity,  and a decrease in vertical stability

(Fig.  4c) acted in concert to reduce the near-bottom concentration of dis-

solved methane. Near-bottom circulation also may have increased during the

winter period.

Salinity and temperature distributions are shown in Figures (4a) and

(4b) . Salinity varied from 31.70°/ O. in the surface layers at PL-10 to

slightly more than 32.75°/00 in the near-bottom water at PL-4. Not unlike

the situation observed in August 1980, the change in salinity was about

10/OO. In contrast however, was the small vertical temperature gradient

observed in February. Over St. George Basin, the vertical temperature

variation was about 1.2°C in February and 4°C in August, which led to a

decrease  in  the  vert i ca l  s tabi l i ty  (F ig .  4c ) . The effects of  winter cooling

was evident in the eastern portion of the section where temperatures had

decreased to less than 2.7°C. At this time of the year, the warmest tempera-

tures were found near the bottom of St. George Basin.

The distribution of properties in May-June of 1981 are shown in Figures

( 5 a - 5 d ) . Near-bottom concentrations of methane are similar to that observed

in February 1981 and again are located near the center of St. George Basin
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(PL-6  to PL-8) . In contrast to the previous measurements, surface concentra-

tions were now less than 100 nL/L  and suggest a gradual net degassing of the

upper water column from February through May. Surface waters over St.

George Basin were both isohaline and isothermal (Figs. 5a and 5b). The

highest salinity was observed in the bottom waters of St. George Basin,

the

sur face  layers .

she l f  reg ion

due to increased

about 33°/00, with the surface layers uniform at about 32°/00. Temperature

varied from 4°C in the bottom waters to nearly 6°C in the

Once again, the coldest waters were found over the middle

(PL-1O tO PL-14). Thermal stratification was developing

solar insolation, which caused an increase in stability and dissolved methane

be low the  pycnocline  (Fig. 5c). Of particular note is that although primary

production had been increasing since late April or early May, the concentration

of dissolved methane was no higher than was observed in February, presumably

a time of minimum production. There appears to be a significant lag between

the annual  fixation of carbon and the maximum concentration of methane.

Based on these sparse measurements, the lag appears to be at least 3 or 4

months (see Figs. 3a and 5a).

The distribution of dissolved methane within 5 m of the bottom is shown

in Figures (6a-6c). In general, the near-bottom plume is bathymetrically

contained within St. George Basin and reveals an ellipsoidal distribution to

the north-northwest. The

SG5 (see Fig. 2c) and was

observed concentration of

minimum of 1000 nL/L in February and May. The

determined by the local mixing characteristics

maximum concentration was always found near station

seasonally variable. As noted earlier, the maximum

methane was 2500 nL/L in August, followed by a

Several obvious conclusions can be

distribution of  methane. The plume

orientation of the plume is

and the ❑ ean velocity f ield.

drawn about circulation by examining

appears elongated in the northwest-
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southeast disection in general agreement with the mean velccity  field (Kinder

and Schumacher, 1981b).  The apparent source, located near SG5, coincides

with the locus of  f ine-grained, organic rich sediments (Gardner et al . ,

1978) . Organic carbon concentrations within the region of the plume range

from 0.5 to about 1%. The zone of maximum organic carbon roughly coincides

with the area circumscribed by the 2000 nL/L  isopleth ii Figure (6a).  Beyond

that region, organic carbon decreases

to the overlying waters. The absence

suggests that circulation is weak and

and presumably so would  the flux of CH4

of a strong trajectory to the northwest

that the currents are variable.

The distributions of methane shown in Figure (6) are entirely restricted

to the near-bottom waters and show no surface outcropping. Even in February

1981 a weak pycnocline  over the basin was sufficiently strong so as to inhibit

vertical exchange. The vertical distribution of density (at) and methane at

station PL-6 in August is shown in Figures (7a,b). This station was occupied

twice during a six-day period with little significant change in either the

distribution of  methane or density. ‘The pycnocline  was located between 60

and 80 m with an observed stability of 0.05 m-l. Methane, shown in Figure

(7a),  showed a sharp gradient in the same region, suggesting that the vertical

f l u x  o f  C H4 i s  s trongly  contro l led  by  s tabi l i ty .

The time dependent nature of the bottom boundary layer is reflected in

Figure

per iod

on the

May 23

(8).  This station (SG-70) was occupied three times over a 13 day

in May 1981 and revealed the effects of subsurface water replacement

distribution of  methane. The lowest density water was observed on

and it contained the highest concentration of methane. By June 1,

however,  water of  increased density had penetrated the shelf  (Au t = 0.11),

reducing the concentration of methane from 1200 nL/L to 800 .nL/L. It appears

that episodic intrusions of  water onto the shelf  occur with regularity that

results in a compression or erosion of the methane plume. Our original
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hypothesis was that methane would diffuse off the shelf as had been noted

earlier in the Gulf  of  Alaska (Cline  et  a l ,  1978) .  However ,  none  o f  our

observat ions  to  date  shows  s igni f i cant  d ispers ion  o f  CH4 off  the shelf ,

suggesting that any

of St. George Basin

dissolved contaminant introduced into the bottom waters

would be similarly confined to the outer shelf  region.
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4 .2  North  Aleut ian  Shel f

The North Aleutian Shelf  (NAS) extends from Unimak Pass on the west to

the  Kvichak River on the east (see Fig.  1]. Two hydrographic  r e g i m e s  a r e

descr ibed  in this section, the coastal zone characterized by water depths

less than 50 m and the middle shelf  representing the slightly deeper offshore

water. The coastal zone is usually well  mixed due to the dissipation of

wind and tidal energy, whereas the middle shelf  is seasonally stratified

(Schumacher et al. ,  1979). Because  o f  these  hydrographic  d i f ferences ,  a

frontal-type structure near the 50 m isobath  is observed, which may influence

the  t ra jec tory  and  d ispers ion  o f  sp i l l ed  o i l .

The NAS region was surveyed three times to describe its seasonal char-

a c t e r i s t i c s . The station locations for each cruise are shown in

Figures  (9a-9c). The grid pattern was altered slightly during each cruise
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to account for seasonal hydrography and weather conditions. The methane

tracer study emphasized the area adjacent to Port Moller (source) and the

downstream region , which extends northeastward to approximately Port Heiden.

In order to summarize the hydrographic conditions for the coastal zone

and the middle shelf region, the seasonal T-S relationships for each sub-

region are discussed. These relationships ire shown in Figures (10) and

(11) for the survey periods of August 1980, February 1981, and May 1981.

August,  a period of  relatively high runoff  to the coastal region, is

characterized by a strong east-west salinity gradient (Fig.  10).  The dominant

source of freshwater is the Kvichak River, located at the eastern extremity

of the region. There are numerous small sources of freshwater along the

NAS, the major source being Port Moller. Diffuse sources of  freshwater

along the coast lead to relatively low salinities (S-30°/00) and warm tempera-

tures  (212°C). Over most of the coastal regime, however, salinities and

temperatures range from 30-32°0/ O. and 8-l1°C, values typical of summer

condi t ions .

In February, temperatures had decreased to near zero, while salinities

remained  in  the  range  o f  30-32° /00  (Fig .  10). While it  is l ikely that

freshwater runoff had diminished significantly because of subzero tempera-

tures,  the salinities remained nearly constant.  The reason for this l ies in

the mechanisms by which salt is transported across the shelf. One possible

explanation is that a decrease in freshwater input results in a reduction in

estuar ine  transport  o f  sa l t ,  part i cu lar ly  within  the  cyclonic  circulation of

the coastal zone (Kinder and Schumacher, 1981b).

Water temperatures along the coast in May were intermediate between

those observed in August of 1980 and February 1981 (Fig. 10). Temperatures

had increased to 5-8°C, while salinities remained in the typical range

3 0 - 3 1 0 / 0 0. The mean salinity decreased slightly compared to the previous

winter, presumably in response to renewed input of freshwater.
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The density f ield,  regardless of  season, was largely controlled by

s a l i n i t y . The density range (sigma-t) was 23 to 25, and largely reflected

the longshore distribution of  salt .

The seasonal T-S relationships for the southern sector of the middle

shelf are shown in Figure 11. In August, the water was nearly isohaline  at

31-32° /00 . Temperature  ranged  f~om 3°C to 10°C,  the colder waters originat-

ing during the previous winter. As noted in the coastal zone, warmer water

was associated with lower salinities. On the average, however, salinities

were higher in this region compared to the coastal zone (compare Figs. 10

and 11). Temperatures as high as ll°C and salinities as low as 290/.. were

observed at the eastern extremity of Bristol Bay.

In Eebruary,  colder water temperatures pre~ailed  (O to 4°C), but sal-

in i t ies  remained  constant  at  31-32° /00  (Fig .  11) .  L i t t le  hor izonta l  or

v e r t i c a l  s t r a t i f i c a t i o n  e x i s t e d ;  h e n c e , the T-S trajectory was parallel to

the  isopycnals. Densities were uniformly 25 to 25.5 sigma-t units,  slightly

higher than the range of 24 to 25.5 observed in August, 1980.

By May, solar insolation had increased temperatures to 8°C, but sal-

inities remained nearly constant at 31-32°/00. Stratification had increased

as indicated by the intersection of the isopycnal  and T-S surfaces. The

temperature range over the region was 2 to 8°C, the colder water being a

relict feature from the previous winter (Kinder and Schumacher,  1981b).

Examples of the seasonal changes in water column stratification are

shown for each hydrographic  regime in Figures (12a-12c) and (13a-13c).

Station 27 and 23 are representative stations in the coastal zone and in the

southern sector of  the middle shelf  respectively. Station 27, which was

occupied on each of the three cruises, was located approximately 5 km offshore

in 25 m of’ water. The vertical distribution of  properties indicates that

the water column normally was well mixed , although some stratification was
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observed in May 1981 (Fig. 12c). This may have been a transient feature,

however. As noted above, the salinity remained remarkably constant at

31°/00, while the temperature varied from 10°C in August 1980 to less than

zero in February 1981.

In contrast to the well-mixed conditions in the coastal zone, the

middle shelf  region i3 characterized by weak seasonal stratif ication

(Figures  13a-13c)l Station 23, located about 50 km offshore (Figure 9) and

at a depth of 68 m, is an example of middle-shelf conditions near the inner

f r o n t . Salinity was at a ❑ inimum in August j increasing to nearly 32°/00 in

May. With the exception of February, in which the water column was totally

unstratified, a weak thermocline  was present in the upper 3(I m of the water

column. Because salinity was largely invariant, seasonal warming of the

surface layers led to weak stratification, which was strongest in May.

Under the influence of solar insolation and wind mixing, the thermocline

deepens during the summer, but the gradient actually decreases due to the

concomitant warming of the bottom waters. The net effect was to decrease

the density gradient slightly. Because of  large interamual  variations in

sea surface temperatures and the amount of ice formed locally, bottom water

temperatures may vary widely from year to year (Niebauer, 1981).

There appear to be numerous diffuse sources of freshwater along the

NAS . In Figure 14 are shown the mean salinities for the coastal zone (z S40

m) as a function of distance from Unimak  Pass. Salinity data from all

stations located in less than 40 m of water were averaged horizontally and

vertically for each of the three cruises.

In general,  the salinity decreases from west to east along the shelf .

The most dramatic decrease occurred in August in which salinities decreased

from approximately 32°/ O. at Unimak  Pass to a low of 28°/00 near the Kvichak

River . During all three cruises, a local salinity minimum occurred at Port
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Moller,  indicat ing  the  s igni f i cance  o f  th is  source .  The  sa l in i ty  pro f i les

for February 1981 and May 1981 indicate that the mean drift of the coastal

water is toward the east, in agreement with the cyclonic  circulation through

Bristol  Bay. During February, the freshwater influence of Port Moller was

evident to Port Heiden, a distance of about 150 km. To the east of Port

Heiden, the effect of the Kvichak River is evident in the systematic decrease

in s a l i n i t i e s .

A decrease in the mean salinities along the NAS can be interpreted in

two ways. The first is that cyclonic  c i rculat ion  through Br isto l  Bay  re -

sults in a continual freshening of the high salinity water entering through

Unimak Pass. This assumes that the flux of salt across the inner front is

not totally sufficient to balance the freshwater input. The second case

a s s u m e s  that  c i rculat ion

water steadily increases

the freshwater supply to

is anticyclonic and that the salinity of  the coastal

due to cross-frontal salt  f lux and a decrease in

the west along the shelf. Current meter measurements

suggest that the circulation is indeed cyclonic  (Kinder and Schumacher,

1981b), an interpretation that is supported by the distribution of methane

a s  w e l l .

The horizontal surface distribution of  dissolved methane in the coastal

zone and the adjacent middle shelf region is shown in Figures 15a,b,c. In

August (Fig. 15a), the middle shelf region was characterized by surface

concentrations of

Concentrations of

decreasing toward

methane of 400 nL/L  or nearly 8 times supersaturation.

methane along the inner front were approximately 500 nL/L,

the northeast. The highest concentration of methane

observed was 22,000 nL/L  inside the Port Moller estuary, decreasing to

approximately 1200 nL/L at the entrance. The concentration of methane at

the entrance to Port Moller depends on the stage of the tide, as one might

expect.
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In February (Fig. 15b), the offshore concentrations had decreased to

less than 300 nL/L, whereas the average value near the entrance was about

the same as seen the previous August. The inner front was characterized by

concentrations of methane of 300 nL/L. The observed systematic decrease in

the ambient levels of methane between August and February is attributed to a

decrease in biological activity and a seasonal drop in temperature.

The following May, concentrations of methane had decreased to the

lowest levels observed (Fig.  15c). Offshore values were approaching satura-

tion levels [-70 nL/L), while the coastal concentrations had fallen to

100-400 nL/L. This observation was unexpected because the spring bloom had

commenced, but apparently the microbial production of methane lags the

production of carbon by several months. This fact was also observed earlier

dur ing  the  in i t ia l  base l ine  s tudy  (Cline, 1976).

For each of the observational periods, the trajectory of methane was

toward the northeast in agreement with previous observations (see above).

The dominant source of CH4 to the coastal zone was from Port Moller,  but

other diffuse sources along th’e coast could not be totally evaluated. We

will show below that the tidal flux of methane from Port Moller  is sufficient

to account for the along-shore distribution of methane without invoking

addit ional  sources .  In  part i cu lar , the bottom sediments are not believed to

be a significant source of methane because of their coarse texture (coarse

sand) and low organic carbon content (Sharma,  1974).

Once the dissolved methane from Port Moller enters the coastal zone, it

is rapidly mixed vertically and laterally out to the inner front. This is

shown in Figure 16 for two orthogonal sections near Port Moller  during the

A u g u s t  c r u i s e  ( s e e  l?ig. 9 for ref.). S e c t i o n  IV,  located east of  Port

Moller,  shows the offshore decrease in dissolved methane, and the vertical

homogeneity of the water column. Only station NA-33 reveals a surface
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maximum. Near the front (NA-31),  the concentration had fallen to about 450

nL/L and systematically decreased in the offshore direction. Section V,

located farther to the east,  shows the same vertical homogeneity as was seen

in  the  prev ious  sect ion . Concentrations of methane near the front are

approximately 400 nL/L. A vertically homogeneous water column with respect

to methane indicates that mixing of the low salinity, high methane waters

from Port Moller  is essentially complete within 10-20 km of the entrance,  or

approximately 1-2 tidal excursions.

SECTION ~ METHANE(nL/L)
800 1000 400 600 400 600 300 500 300 500 300

;~-Zj-IFKoE~

~[

I I I I 1
7.6 18.2 282 37.2 50.0 61.5

OFFSHORE DISTANCE (km)

SECTION Q METHANE (nL/L)
I 000 1200 400 600 300 500 300 500

iiF K F25 lld”

I I I I I
4.9 14.1 24.4 34.3 50.2

OFFSHORE DISTANCE [km)
1 —— ..— J

Figure  16. The vertical distributions of methane along sections IV and V
east of Port Moller  (see Fig.  9a).  Measurements were made in
August 1980.
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In order to quantify the flux of methane from Port Moller, which was

required to

t ime ser ies

l o c a t i o n  o f

satisfy the boundary conditions of  the model (see page 362),  a

was conducted near the entrance during all  three visits. The

these  s tat ions  i s  g iven  in  Figure  (17) .  Stat ions  PM1,  PM2(NA40),

and PM3 were occupied in a cyclic fashion over a period of 24 hours during

the August and February cruises,  while stations NA-39A,  B, C were occupied

during the May cruise. These stations were used to establish the tidal f lux

conditions for the model.

The methane enriched water was always found along the eastern shore of

the  estuary  as  depic ted  in  Figures  (18a,b,c).  In  August ,  the  largest  con-

centrations (3-4 pL/L) of  methane were observed at PM-3, decreasing abruptly

to 11.JL/L at PM-2. S t a t i o n s  NA-38 (Figure  9 ) ,  l ocated  at  the  imer  f ront ,
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showed a relatively constant concentration of methane of 0.5pL/L, the back-

ground level observed for that time of year. As we will  show later, the

concentration of methane (i .e. , depth averaged) at the entrance shows large

variations due to tidal influences; however, the

methane are always found along the eastern shore,

the tide.

h ighest  concentrat ions  o f

regardless of  the stage of

In February (Fig. 18b), the highest concentrations were observed at

PM-3 and NA-40 (PM-2). The mean at each of these stations was 1.3 pL/L  and

1.9 jJL/L respectively as compared to a background level of  0.2 pL/L. The

large ranges (e.g., extrema) observed at PM-3 and NA-40 are due to the stage

o f  the  t ide .

As noted earlier, the concentration of methane over the entire NAS in

May was lower than had previously been observed. This was the case for Port

Moller as well  (Figure 18c). As before,  the highest concentrations of

methane were observed at PM-F and H’B-G, stations located at the entrance to

Port Moller. Ambient levels offshore fell  to approximately 0.1 pL/L  or

100nL/L  as noted earlier.

The influence of tides on the fluxes of salt and methane is shown in

Figure 19, which describes the observations taken at PM-3 over a 24-hr

per iod . Temperature showed little variation over the period, whereas

salinity varied from 30 to 31°/00, depending on the stage of the tide. The

concentration of methane varied from 0.3 pL/L  to over

with the f lood and ebb of  water from Port Moller.  It

that sustains the plume of methane observed along the

2.5 pL/L  in  concert

is  th is  t ida l  f lux

coast .
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5. TRANSPORT MODELS

5.1  Hor izontal  Tra jecto ry Model

The distribution of dissolved methane in the two survey regions was

modeled to provide l imits on the horizontal and vertical scales of  mixing.

The model also provides a comparative check on the magnitude of the mean

current speeds, which under most conditions will govern the transport of

both  sur face  and  ‘d isso lved ’  o i l .

The usefulness of dissolved methane as a chemical tracer depends critically

on the characteristics and strength of the source. For a point source of

unifozm  strength, the spatial distribution of methane can be used to define

limits on mixing and transport processes.  The most

this tracer was found along the North Aleutian Shelf

production of methane within Port Moller (see Figure

straightforward use of

(NAS),  where the biological

18) resulted in a

s igni f i cant  t ida l  f lux  to  the  coasta l  zone . This region is hydrographically

complex  (Csanady,  1981),  seasonally and spatially variable,  and strongly

under the influence of coastal winds. Moreover, subtidal frequencies are

strongly dependent on the frequency and duration of storms (Schumacher,

1981). Our purpose here was not to attempt to resolve short-term spatial

variations,  but rather to clarify the mean condition that

shelf  for time periods >30 d.

To examine the salient spatial features of  dissolved

exists along the

methane along the

NAS, we adopted a stationary, two-dimensional model described by Csanady

(1973) . This particular model has been used to predict the dispersion

characteristics of  wastewater injected along a pipe (l ine source) into a

coastal zone environment. The particular model chosen assumes steady state,

balances lateral diffusion against horizontal advection, and includes a

first order decay term, which incorporates both biological consumption and

the air-sea exchange of methane. The assumption of steady state is not valid
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for transient events,  but should be valid for time scales in excess of  one

month (u 2 3 cm/s), given a Lagrangian tracer scale of 75 km or more. The

model is

(1)

where the space dependency of the horizontal eddy diffusivity is retained.

The solution to (1)  for a l ine source of  length b is

C  =  (CO/2 )exp{-kx/u]  [erf(y~)  + erf(y~)] (2 )

where

b/2+y
Y1  =

o.lo39(x/u)1”17

Y2 =
b / 2 - y

o.lo39(x/u)1”17

x = longshore  d i r e c t i o n
Y = cross -she l f  d i rect ion
u = longshore  mean velocity
k = first order decay constant

c. = concentration of methane at the source

In this description, we ignore diffusion in the x-direction and scale

the  hor izonta l  d i f fus iv i ty  (Ky)  in the y-direction according the Lagrangian

time scale. For simplicity, we assume that mixing is isotropic in the x-

and y-directions. However,  Okubo (1971) has shown that dispersion is enhanced

in the direction of mean flow. The magnitude of the difference is approxi-

mately a factor of  three for those coastal situations that have been studied

(Okubo,  1971) . Along the MS, tidal currents are strongly rectil inear,

which presumably results in an enhanced mixing alongshore. In the presence
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of a mean flow, u, it can be shown that:

2
a =2(JUr c x Y’

(3a)

where orc is the mean square radius of diffusing substance, ax and Uy are

the respective standard deviations of the plume in the x- and y-directions

(Okubo  , 1971) . If we assume uniform horizontal mixing (o~c = 2u~) the

apparent diffusivity defined by Okubo is:

K =
Y

u2y/4t

K =
Y

& /2t,
Y

(3b)

o r

(3C)

where CT2 = 20~ and t  i s  the  d i f fus ion  t ime.  The  character is t i c  t ime (or
r c

length) scale can be computed from t = x/u.  Substituting into (3c), we

obta in :

K =
Y

& u/2x
Y

(3d)

Based on dye patch studies, Okubo (1971) has given estimates of K y i n

terms of the characteristic length scale 1. He found that the 4/3 law

overestimated the magnitude of Ky and presented a log regression diagram

that shows:

KiY21”1
Y

or that

=Z =  0 . 0 1 0 8  t2-34
r c

(3e)

( 3 f )
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In equation (2), the horizontal eddy diffusivity is formulated in terms of

the variance of the plume in the y-direction ~~ S After  subst i tut ion  o f  t
Y“

=  x /u  into  (3 f )  we  f ind :

disy = 0.1039 t1”17 ‘ (3g)

Based on the diffusion diagram given by Okubo (1971), we expect

105cm2/s  SKY 107cm2/s  for length scales between 10 and 100 km.

assume that K
Y

10 km, thenK
Y

Dissolved

and b io log ica l

o f  f i r s t  o r d e r

is proportional to the tidal excursion, which is

If we

approximately

S 105 cm2/s.

methane may be lost from the water column via air-sea exchange

ox idat ion . Since both processes can be formulated in terms

k i n e t i c s , they are included in the model as a single term:

kk= a / s  +  hiol
(4 )

Computation of ka,s requires knowledge of sea-surface roughness (a function

of wind speed), the molecular

as a function of salinity and

known to within 30% (Broecker

diffusion and Bunsen volubility coefficients

temperature. All of these parameters are

and Peng,  1974), thus ka,s can be estimated

(see  Cline, 1981 for details on the calculation of  ka / s ) .

Biological oxidation rates of methane, not previously known for these

waters,  have been determined by Griffiths et al., (1982). Water samples

were inoculated with a known amount of 14CH4 and incubated for 24 to 48

hours. The 14C02 given off after oxidation was counted and the rate constant

computed. The kinetics generally obeyed a first order reaction when incuba-

tion time and substrate levels were varied.
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The model is formulated in terms of a l ine source of length b.  If  the

depth of the mixed

out of  Port Moller

layer (&r) is known, then the mass transport of methane

is  s imply :

QCH4 = (b]. (liz) .(u). (Co), ( 5 )

- 1
where the mass transport Q has dimensions Mt . Thus, the diffusion-advection

model is sensitive to the boundary conditions: b,  source length; Az, mixed

layer  depth ;  u ,  mean a longshore  ve loc i ty ;  Co ,  in i t ia l  concentrat ion  at  the

boundary.

A schematic representation of the NAS and the major transport terms

used in the model are shown in Figure (20). Because the water depth increases

offshore,  the methane distribution in the surface layer must be vertically

averaged  to  prov ide  a  rea l i s t i c  representat ion  o f  the  actual  d is tr ibut ion .

x
\\\\\\ \.

OFFSHORE DISTA~~E  (km)
30 25 ao

Y

. . — . — — ——— ———— —— — L__–

-4 0

,
L 60
z

DEPTH
(m)

Figure 20. A schematic diagram of the NAS region. The significant transport
terms include longshore advection vC’, and the flux divergence
KyC” . The well mixed coastal zone is approximately 20 m deep and
32 kmwide. Not shown in the diagram is the air-sea exchange of
methane, which is proportional to the concentration of  methane.
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In the following discussions, we will use this model to estimate mean

currents along the NAS and to compare these results with the current meter

observations.  Along any

methane must be balanced

Time series measurements

and Q; thus the model is

orthogonal section to the flow, the transport of

by the tidal source at the entrance to Port Moller.

made at the entrance allow us to estimate C b,
o ’

constrained by both a concentration at the boundary

and the flux. Because the air-sea exchange and biological oxidation of

methane are seasonally dependent, appropriate values will be used in the

individual ❑ odeling comparisons.

5.2 Vertical Flux Model

In a stratified water column, a portion of the methane produced at the

bottom di f fuses  vert i ca l ly  through the  pycnocline.  In the absence of bio-

logical consumption, the curvature in the methane profile provides an in-

dependent estimate of  the magnitude of  Kv within the pycnocline.  In the

situation where oil may be released at the bottom, vertical transport is

limited by strength of the pycnocline. In St. George Basin, the water

column is seasonally stratif ied,  thus if  oil  (dissolved and emulsified) is

released into the bottom waters, it will largely remain in the lower boundary

layer . To estimate the rate at which dissolved material ❑ ight be transported

vertically in stratified waters of St. George Basin, we used methane as a

d isso lved  tracer .

To quantify the magnitude of the vertical transport parameter K within
v

the pycnocline,  we adopted a one-dimensional flux model  describing the

vertical distribution of  dissolved methane. The one-dimensional flux model

assumes that the curvature in the methane profile is the result of variable

shear within the pycnocline  and not due to in situ consumption. This as-.—

sumption  is not totally valid in all  instances,  but it  does place a lower
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limit on the magnitude of K The essence of the model is that ❑ ethane isv“

produced at the bottom and is removed by horizontal and vertical transport

processes . Most of the biologically produced methane is removed by horizontal

advection, but a small  portion diffuses vertically through the pycnocline

and is removed by air-sea exchange, In the absence of  biological processes,

the model describing the distribution of methane within the pycnocline  is

Kv{dC/dz]  =  c o n s t a n t , (6 )

where  Kv is the depth dependent vertical eddy diffusivity. Since the flux

across any horizontal plane is a constant,  that constant must be equal to

the air-sea evasion flux.

F=a / s ~ { c - c ’ } ,
h

(7)

where D is the

of  the laminar

methane at the

molecular diffusivity of  dissolved methane, h is the thickness

boundary layer,  and CA is the equilibrium volubility of

sea surface. The equilibrium concentration of methane is a

function of its atmospheric mixing ratios,  salinity,  and temperature (Yamamoto

et  a l . ,  1976) . The constants D and h are known parameters, the latter being

largely a function of wind velocity (Emerson, 1975). By combining equations

6 and 7, the vertical eddy diffusivity can be calculated from the methane

gradient. To compute the gradient, the vertical distribution of methane was

smoothed by eye, fit with a cubic spline function, and differentiated to

provide a smooth distribution of  Kv as a function of depth.

The magnitude of Kv is not actually depth dependent, but rather depends

in a complicated way on the local velocity shear and stability of the water

column (Welander,  1967). In the discussion to follow, Kv will  be plotted as

3 6 4



a function of  the Brunt- Vaaisala  frequency, which is equal to

N 2 = (dp/dz)/pg (8)

The stability of  the water column is proportional to the density gradient,

dpfdz  . The factor g is the acceleration due to gravity.
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6. DISCUSSION

6.1 North Aleutian Shelf

The distributions of methane observed along the North Aleutian Shelf

were modeled to estimate the mean trajectory of the water mass, its mean

veloc i ty ,  and mixing  character is t i cs . The model is simplistic and does not

include such variables as velocity shear, complex bathymetry, and short term

variability in the source of  methane or the currents. All  of  these variables

as well  as complex frontal interactions will  result in significant deviations

between the observed data and the model predictions. However, the model

does reproduce general features and is useful in corroborating the mean

veloc i ty  and  d i f fus ion  f i e lds .

The model is two dimensional and stationary (see section 6.1). T h i s

does not imply that the distribution of methane is temporarily invariant--

only that the model is not responsive to time intervals less than about

month. This estimate was made on the assumption that the mean velocity

about 3 cm/s and that the tracer scale is 275  km.

a

i s

The only adjustable

and the air-sea exchange

the  b io log ica l  ox idat ion

of about 3 less than the

parameters in the model are the mean velocity, u,

rate parameter,  k.  The constant k also includes

r a t e  (Griffiths, et  a l . ,  1982) ,  which  was  a  factor

a ir -sea  exchange  rate .  Also  inc luded  expl i c i t ly

in k is the depth of water. Because the depth changes systematically from

zero at the shore to about 50m at the imer front, we selected a mean depth

of 20m. By doing this, the significance of  the air sea exchange term is

minimized in shallow water (z <20m) and maximized in deeper water (z >20m).

Similarity,  we assume no horizontal shear (~u/~y = O), divergence or con-

vergence within the coastal zone. Transport across the inner front is by

diffusive mixing only.
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The principal source of methane is Port Moller and all other sources

including bottom sediments are considered insignificant. The modeling of

such a distribution is relatively simple as the model need only include

source flux at the entrance to the estuary. Dissolved methane is fluxed

into the coastal zone by tidal pumping, hence the large diel  excursions

observed in the concentrations. The source term was tidally averaged to

provide a stationary source flux, but was spatially digitized to more

accurately describe the offshore dilution of  the source. As methane-

enriched water is transported out to the imer front,  it  mixes with water of

lower methane concentration. The diluted water from Port Moller  is then

transported northeast along the coast in the coastal drift .  To account for

the variable source in the y-direction (see Fig.  18), the time and depth

averaged source function was subdivided into 8 individual line sources, each

4 km in length. The total dispersion field was obtained by summing the

individual contributions, including that reflected from the coastline. To

avoid other model complexities, the ambient background concentrations of

methane were subtracted from both the source and the coastal waters to give

the distribution of excess methane, or that portion contributed by the Port

Moller  estuary.

As an example, we show the average distribution of methane at the

entrance  to Port Moller  in August 1980 (Fig.  21).  This distribution was

based on all measurements taken, including the 24-hour measurements taken at

Stations PM3, PM2, and PM1. The mean and the range are shown by closed

triangles and dashed lines, based on ‘n’ measurements. This source was

subdivided into 4 km source increments, after removing the background

concentration of 0.45 pL/L. PM13, sampled only twice,  was approximately

5 km offshore. For modeling purposes, we assumed the concentration was

constant between PM13 and the shore. By making this assumption, no serious

error is envisioned because the depth of water was less than 5 m.
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ward of Station PM13  was assumed constant. A background of 0.45
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One  o f  the  major  de f i c ienc ies  o f  the  model  i s  i t s  inabi l i ty  to  predic t

e f fec ts  o f  var iab le  bot tom bathymetry. To  part ia l ly  o f f set  th is  prob lem,

model concentrations were depth averaged to sil l  depth (i .e.  20m).

After summing all the plumes, the resultant concentration field was then

depth averaged to the actual bottom depth. The reason for this was to see

if the model simulation would improve the observed relationship between

bathymetry and methane distribution. In reality,  however,  a mixing does not

occur in this way. Mixing is essentially complete near the entrance of  Port

Moller  and the distribution of  methane is determined by spatial  variations
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in the mean velocity

o f  any  cross - f ronta l

systematic change in

and by cross-frontal exchange processes. In the absence

transport, varying the depth of water must result in a

the  loca l  ve loc i ty  f i e ld .

6.1.1. August 1980

The depth-averaged, normalized distribution of excess methane is shown

in Figure (22a). The background concentration of methane was 450 nL/L, which

was removed from the concentration field. A residual mean concentration of

30 nL/L represents normal spatial variability. Near the source, the concen-

tration of excess methane was approximately 5 pL/L  (5000 nL/L),  decreasing

to about 0.1 pL/L  at 1 8 0  k m . The plume trajectory indicates a mean flow to

the northeast,  paralleling the shoreline.

The distributions of methane and salinity near Port Moller  appear

influenced by bottom bathymetry  (Fig. 22a,b), and in particular the location

of the imer front (see 45 m isobath on Figs.  22a,b). Because both consti-

tuents are related to freshwater discharge from Port Moller$  the observed

correlation between water depth and distributions may reflect two processes.

The first is that offshore dilution of the freshwater (i .e.  vertical mixing)

results in the apparent distribution. This must be accompanied by a compres-

sion of the streamlines to preserve the apparent offshore intrusion of high

salinity water (see x = 60 km). Densi ty  i s  c lose ly  re lated  to  sa l in i ty  in

these waters, which is why the isopycnal surface shows strong correlation with

salinity and provides additional evidence that the coastal f low is controlled

by bathymetry. The remaining explanation is that the inner front forms a

hydrographic  barrier to the onshore transport of salt.  This might be en-

visioned as a surface convergence along the front

bottom divergence. Within the front, the onshore

inhibited by a diffusive barrier. However, there

accompanied by a near

transport of salt would

appears to be little

be
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evidence that the front is little more than a demarcation between the strong

mixing of the coast zone and the seasonally stratified offshore waters (Jim

Schumacher, personal communication). At this point, and because our analyses

do not disprove it ,  we provisionally favor the latter explanation.

The constant k is the sum of the air-sea exchange rate and the biological

oxidation term. The air-sea exchange term

velocity and the sea surface temperature.

and a sea surface temperature of ll°C, the
-

was computed from the mean wind

For a mean wind speed of 6 m/s

computed air-sea exchange coeffi-

cient was 4.0 x 10- ’ /s  (Table l) . Adding to that the biological  oxidation

r a t e  o f  lx10-7/s (Griffiths e t  a l . , 1982) ,  the  value of k is 5.0 x 10-7/s.

An uncertainty in the mean wind results in an uncertainty in k of about 50%.

Using a mean k of 5.0 x 10-7/s and an uncertaintyof  50X (t2.5 x 10-7/s),

mean velocities were arbitrarily chosen until  the best visual f it  was ob-

tained.

Table 1. A summary of parameters used to estimate the air-sea exchange rate
(R) of methane along the NAS coastal zone. The model is

Date Wind Speed Temp. D Azh kajs

month/yr m/s Oc c m2/ s m pm S-l

Aug. 1980 6 10.7 I.12X10- 5 40 70 4 .0X10- 7

Feb. 1981 9.5 0.0 0.68X10- 5 40 20 8 . 5 x 1 0 - 7

May 1981 7.5 6.5 0 . 9 6 x 1 0 - 5 40 50 4 . 8 x 1 0 - 7
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The best fit was obtained for u = 3.8 cm/s and a k= 5.0 x 10-7/s

(Fig .  23) . The model fit overestimates the transport in the near field

(xS120  km), but is in good agreement beyond that point. Increasing k or

decreasing u would improve the fit in the near field, but only at the

expense of  the far  f i e ld . The fit  is  quite sensitive to the magnitude of  u

and to a less extent k. Increasing k to a maximum acceptable level of 7.5 x

10-7/s did not change the coastline intercepts appreciably,  but did reduce

the offshore penetration of dissolved methane.

Allowing k to vary between the l imits 2.5 x 10”7/s and 7.5 x 10-7/s, u

was arbitrarily chosen to provide the best f it . These results are shown in

Figures (24a,b). Because the model contains the ratio,  k/u, in the die-off

term (see eq. 2), it is not surprising that minor adjustments in k require

similar adjustments in u to maintain goodness of f it .  For example, if  u =

2.5 cm/s andk= 2.5 x 10-7/s, the plume geometry is largely determined by

latera l  d i f fus ion  (F ig .  24a) . If the velocity were decreased even further

to improve the coastline f it ,  offshore diffusive transport would increase

markedly,  resulting in a poorer fit . However, mean velocities less than 2.5

cm/s were not used because the model formulation does not include diffusive

transport in the x-direction,

to 7.5 x 10-7/s requires that

f i t  ( F i g .  24b).

which would be required as u +0. Increasing k

u be at least 5 cm/s to maintain goodness of

To demonstrate the effect of increasing the mean velocity, the mean

flow was increased to 7.5 cm/s while  keeping k = 5.0 x 10-7/s. These results

are shown in Figure (25). Note the flat distribution, indicating the

dominance of advection. Clearly, this distribution is not similar to the

observations shown in Figure (22a), where the 2.0 pL/L and 1.0 pL/L  i sop le ths

intersect the coastline axes between 40-60 km.
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Figure 24. M o d e l  simulatioglof  the distribution o f  m e t h a n e  for  (a).~  = 2.5
cm/s ,  k =  2 5 x 1 O  / s  a n d  ( b )  u= 5.0 c m / s  a n d  k = 7.5x1O /S  i n
August 1980. Concentrat ions  are  expressed  in  pL/L. The position
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The diffusive scale (K y)  is  functionally dependent on the Lagrangian

scale, about 200 km in the present case. From the monograms presented by

Okubo (1971),  Ky varies from 2 x 10-5cm2/s  to about 2 x 106cm2/s,  assuming a

minimum and maximum scale of 20 km and 200 km respectively. The correspond-

ing Kx would  be about a factor of three greater than these estimates.

Because our simplistic model does not take into account temporal variations

in circulation, horizontal shear,  or the effects of  a complex bottom

bathymetry, there is no reason to adopt other mixing parameters unless a more

rigorous diagnostic model were to be developed.

In summary, our best estimate of the mean velocity in August 1980 was

3-5 cm/s, in good agreement with the estimate of 1-6 cm/s givenby J.

Schumacher (personal communication). Our estimate is, however, higher than

the value of 1-2 cm/s given previously by Kinder and Schumacher (1980).

6 . 1 . 2 . February 1981

The flux of methane from Port Moller  in winter was significantly less

than observed the previous August. Concentrations at the entrance were a

factor of 5 less, which was presumably due to a seasonal drop in temperature

(11° to l°C) and the concomitant decrease in microbial activity.  Although

the concentration of methane was significantly reduced, so were the background

concentrations, permitting the plume to be distinguishable for at least 200

km as before (Fig. 15b).

The distribution of

averaging and removing a

Figure  (26a) .  Note  that

methane observed in February 1981, after depth

background concentration of 110 nL/L, is shown in

the plume is clearly developed for approximately 60

km and less so for distances beyond that point. As we noted earlier, bathy-

metric influences on the distribution of methane were clearly evident as it

was with salinity (Fig.  26b).
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The methane source distribution is shown in Figure (18b).  Only PM3,

located about 5 km from shore, was occupied for 24 hrs; all others were

sampled twice. Because of paucity of data ,  average values for these stations

are poorly known. For example, NA40(PM2)  appeared to have the highest mean,

but that may be due to the sampling frequency and the stage of the tide

during which sampling occurred. The source function reflected in Figure

(18b) was adjusted downward by 210 nL/L before being digitized into line

sources, each 4 km in length.

The air-sea exchange rate constant in February was estimated to be 8.5

-7
Xlo, based on a mean wind of 9.5 m/s and a mean sea surface temperature

of O*C (Table  1 ) . The larger value of k is due to higher wind velocity and

a concomitant decrease in the stagnant film boundary layer thickness. As

described

ox idat ion

1982) .

above ,  kwas  a l lowed to  vary  by  50% or 24.2 x  10-7 /s .  Bio log ica l

was not a significant factor during winter (Griffiths et al . ,

The best simulations of the observations are shown in Figures (27a,b).

The predicted velocity range was 3-7 cm/s, given the uncertainties in k and

other  character is t i cs  o f  she l f  c i rculat ion . The wider range of predicted

velocities for February was due to a diminished source and poor model resolu-

t i o n . The velocity estimate for February is not statistically different

than that observed in August and falls within the estimate of 1-6 cm/s.

The estimates of  lateral eddy diffusivities (Ky) are the same as ob-

served in August because the Lagrangian scale is similar.

6 . 1 . 3  May1981

The depth-averaged distribution of methane is shown in Figure (28).

The pattern is similar to

generally lower. Maximum

decreasing to 0.1 pL/L at

previous observations, but the concentrations are

concentrations

about 100 km.
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In May, the surface concentration of ❑ e t h a n e

80-100 nL/L, indicating minimum production in the

Equilibrium concentrations for this time of year

seaward of the front was

offshore waters.

were 60 nL/L; consequently,

percent saturation levels ranged from 130 to 160%. In contrast, the satura-

tion levels in August were 900%. The interannual  variations in the surface

concentrations are strongly a function of water temperature and degree of

ice format ion  the  prev ious  winter  (Cline et al., 1981) .

The time average distribution of methane at the entrance to

is shown in Figure (18c). Maximum concentrations of 2 pL/L  were

Port Moller

observed at

PM-F, decreasing markedly to background concentrations of 100 nL/L at station

NA38 . As noted earlier,  the source is hyperbolic and decays rapidly to

background levels at about 30 km. This source was subdivided equally into 8

individual l ine sources,  as before.

The air-sea exchange constant, k,

on mean wind of 7.5 m/s and a mean sea

was found to be 4.8 x 10-7/s, based

surface temperature of 6.5*C (Table

1). The calculated thickness of  the diffusion layer was 50 pm. Biological

oxidation, proportional to water temperature and the concentration of methane,
-8

was at a minimum (<1 x 10 /s) and was not included in the above rate

constant (Griffiths

The best model

(29a, b). Assuming

et al., 1982).

fits to the methane distribution are shown
-7

a mean k of 4.8 x 10 /s and a variance of

in Figures

k 2.4 X

1 0 - 7 / s ,  a  range of v e l o c i t i e s  w a s  f i t  t o  t h e  o b s e r v a t i o n s .  T h e  b e s t

simulations were obtained for u = 2-3 cm/s. Larger velocities gave elongated

plumes that were not in good agreement with the observations. We conclude

that in May, the mean velocity along the coast was in the range of 2-3 cm/s

and did not exceed 5 cm/s. Horizontal diffusivities are in the range of  1 x

105cm2/s  to 5 x 10scm2/s for the plume dimensions described here.
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pL/L. The position of  the inner front is near the 45 m isobath
and is indicated by the dashed l ine.
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6.1.4. Port Moller  Tidal Flux

In describing the horizontal distribution of methane along the NAS, we

established concentrations along the shelf  boundary perpendicular to the

c o a s t . Because  the concentrations of methane are temporally variable near

the entrance to Port Moller,  we occupied a series of stations repetitively

to estimate the average diel flux at the boundary. The boundary was placed

near the entrance to Port Moller  but was of sufficient distance to avo id  the

large tidal currents at the entrance. A check on our model can be made by

comparing the estimated transport of methane through the entrance on each

ebb tide with the time average distribution determined by the model. The

implicit assumptions are that air-sea exchange and biological consumption

are insignificant over the distance between the entrance and the model

boundary

The

Entrance

(approximately 15 km).

minimum distance across the entrance to

Point on the east and Fawn Point in the

Port Moller  is b e t w e e n

west. The main charnel

approximately 5 km wide, 16 m deep and located toward the eastern shore.

large sand bar extends eastward from Fawn Point and is exposed during low

i s

A

water. At low water the dffective channel width is about 9 km. Tidal

currents are strong at the entrance, reaching average maximum velocities of

1.7 kts 3 miles west of Entrance Point and 1.2 kts at Entrance Point

(Department of Commerce, 1979). For the purpose of  calculations,  we will

assume an average maximum tidal current of 1.5 kts, or 0.8 m/s.

The principal assumption is that during any given tidal cycle, there is

l i t t le  or  no  recyc l ing  o f  water  with in  the  entrance  o f  Port  Moller.  If this

condi t ion  is met, then the tidal driven transport of methane to the coastal

zone is proportional to the average concentration at the entrance, the width

and depth, and the ebb velocity.
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Tt = zciMzi; (6)

For the sake of simplicity, we assume that C i, the average excess methane

concentration decreases linearly across the entrance from a maximum ❑ easured

value on the east side to zero on the west. This is a crude approximation

to the observations shown in Figure (18). The increment of length, 1, is set

to 2 km, while the depth, Az i, is varied according to the bottom bathymetry.

The mean velocity, ;, across the entrance was calculated from the average

maximum velocity according to the formula ~ = vmax/7’t/2 {Sverdrup  e t  a l . ,

1942) . The results of  the tidal transport calculations for each of the

three visits are shown in Table 2.

If the model assumptions are reasonably correct, then the tidal flux

must equal the flux of methane across the model  boundary. To calculate the

latter, we used equation (6) and estimates of Co from Figure (18). The mean

depth was set equal to 20 m and the velocity was estimated from the model

f i t s . The length of

which was subdivided

The results of these

the model boundary varied seasonally from 24 to 36 km,

into 4 km increments for the purpose of calculation.

calculations also are shown in Table 2.

Table 2. A comparison of the tidal transport of methane (T ) from Port
Moller  with the transport og methane at the tidal%oundary  (Tm ) .
The mean tidal velocity is v and the mean coastal current is U .

Date ; u Tt Tm

m/s ML CI=14(STP)/s

A u g u s t  1 9 8 0  0 . 5 0.038 5.7  x  104 4.9 x 1 04

February 1981 0.5 0.050 3.4x 104 4.2 X 104

May 1981 0.5 0.025 2.3 X 104 0 . 8 x  1 04
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In August the two transport figures are in good agreement; they only

d i f f e r b y  16%. The comparison in February is also reasonably good, although

the  coasta l  t ransport ,  Tm, exceeds the source strength by 23%. U n c e r t a i n t y

in the mean coastal velocity could easily account for this difference. The

comparison in May is poor. There, the

transport  by  a factor of  nearly three.

l ie in our choice of  the concentration

source strength exceeded the coastal

The reason for the discrepancy may

distribution across the entrance.

Apparently the concentration gradient across the entrance was more nearly

hyperbolic (see Fig. 18) than linear as assumed above.

The near agreement between the two transport terms suggests that the

model assumptions are nearly correct , conditions during May notwithstanding.

This implies that the Port Moller  estuary is the dominant source of methane

to the coastal zone and that the model f its to the distributions and therefore

gives reasonable estimates of  the mean velocity f ield and the eddy diffusivities.

Clearly more sophisticated models could be applied to the transport of

methane from Port Moller,  but non-linear perturbations to the mean velocity

field coupled to an incomplete observational record precludes a detailed

e f for t  at  th is  t ime.

6 . 1 . 5 . North Aleutian Shelf Summary

A summary of the estimated velocities determined from the distributions

of methane is presented in Table 3. While the model is crude and numerous

approximations were made, the mean velocities range from 2-7 cmfs, depending

on season. These estimates are in excellent agreement with current meter ob-

servations (J. Schumacher, personal communications).  The small variances in

the mean velocity f ield suggest that the flow is baroclinic and responds to

the freshwater input. The small seasonal variation in the salinity field also

indicates that seasonal variations in the baroclinic field should be small .
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Table 3. A summary of the mean velocities along the..coastal zone of the
North Aleutian Shelf  as determined frorn’the  distributions of
dissolved methane. The air-sea exchange and biological rate
constant (combined) was varied by t50%.

Month/year k 1 u

S -l km cm/s

Aug. 1980 4.0Y2.o ~ 10-7 >200 3,82 1.3

Feb.  1981 8.5 k 4.2X 10-7 >200 5.0 ~ 2.0

May 1981 4.8&2.4x 10-7 200 2.5 f o.5

Model simulations of the methane distributions explicitly contain a

cross -s tream hor izonta l  eddy  d i f fus iv i ty  (Ky) .  This parameter was scaled  to

the mean velocity through equations (3a-3g),

scale to grow as the plume increases in size.

value of K y ranged from 104cm2/s  at x=O (4 km

which allow  the turbulent

In the model simulations,

w i d e )  t o  106cm2/s  at x=200

the

km.

Given the transient behavior in the current field

bathymetry, the model simulations do not permit a

magnitude of the turbulent field as a function of

However,  suffice it  to say, that the cross-stream

and the complex bottom

close examination of the

the  Lagrangian sca le .

diffusion of  methane is

not inconsistent with the empirical formulations given by Okubo (1971).  For

a point source release, the variance of the plume grows at a rate

~2 =  0.0108t2”~4r c ( 3 f )

which also can be used to predict the behavior of point source releases of

souluble  or dispersed materials.
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The simulations showed markedly the influence of the mean velocity

field on the observed distributions. At velocities below 5 cm/s,  eddy

diffusion on the x- and y-directions should be included to improve the model

f i t s . However, at velocities in excess of 5 cm/s and over limited space

scales (Q ~ 200 km), the diffusive terms are relatively insignificant in

determining the observed distributions.

6.2. St. George Basin

Enhanced production of methane occurs whenever elevated concentrations

of organic carbon are present. This is the case in St. George Basin where

relatively high concentrations of organic carbon are found in the surface

sediments. The distribution of carbon (Gardner,  et al . ,  1978) is nearly

circular and occupies an area of about 8000 km 2 near the center of St.

G e o r g e  B a s i n  (56”N; 167”W)  (Fig. 30). In cross section, the surface distribu-

tion of organic carbon is nearly Gaussian in form, which implies that the

production rate of methane is also Gaussian in form. We will return to this

point later in the discussion concerning the methane source term.

The concentration of methane, which depends on the strength of the

local source and the intensity of mixing over the basin, is elevated in the

fall when microbial production and water column stability are at maximums.

Minimum concentrations were observed in the spring and are related to minimum

microbial production. Both water temperature and the lack of a suitable

organic substrate precluded a significant release of methane in the

spr ing .

The model adopted for the simulation of the near-bottom distribution of

methane in St. George Basin is the same model used along the North Aleutian

Shel f  ( see  Sec .  5 .1 ) . The description is two-dimensional,  steady state,  and

balances lateral diffusion against horizontal advection and biological
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Figure 30. Distributions of (a) clay content and (b) total carbon in the
surface sediments of St. George Basin. The locus of  the high
carbon concentrations is approximately 56°N 167°W, which is the
location of  Stations SG5, SG29, SG24, and SG70 (see Fig. 2).
This f igure was taken from the report by Gardiner et al . ,  1978.
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consumption.

by  Gri f f i ths ,

The most

The oxidation of methane is

e t  a l . ,  ( 1 9 8 2 ) .

ser ious  de f i c ienc ies  o f  the

considered first order as determined

model include the source function

and the vertical flux of methane across the pycnocline. For modeling purposes,

we assume that the source of methane is a plane whose width is the y-dimension

of the plume and whose height is the distance from the sea bottom to the

base of the benthic  boundary layer. This line source is subdivided into

individual plane sources, each of which is 4 km in length and approximately

40 m in depth. Because the concentration varies across the source, each

planar segment is assigned an initial  concentration, Co. The source functions

used for each of the three simulations are shown in Figure (31). Note that

the initial concentration at the source is nearly normal as hypothesized

e a r l i e r . Each planar section is treated as a separate plume; the total

distribution results from the sum of all  of  the individual plumes.

An examination of the distribution of methane suggests that the source

is circular or perhaps ell iptical as indicated by the distribution of  organic

carbon (Fig. 30).  By assuming a

confined to plane rather than an

the expense of  physical reality.

physical bounds on the diffusive

Another serious drawback to

line source, the source of methane is

area. This simplifies the arithmetic at

However, the simulation does result in

and advective  transports.

the simulation is the lack of a vertical

flux term (see eq.  1) . We “have assumed that this term is small  because of

the stability above the bottom boundary layer , which inhibits the vertical

exchange of materials. Our estimate is that the vertical eddy diffusivity

is < 0.5 cm2/s ,  which minimizes the vertical transport of CH4. In section

6 . 3 ,  a

indeed

can be

scaling argument is presented to show that the vertical processes are

small ‘cornparedto  the horizontal transport terms and thus the former

ignored to the first approximation.
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Figure 31. The average excess concentration of methane in the benthic
boundary layer across the center of the plume. Data are col-
lected in (a) August 1980, (b) February 1981, and (c) May
1981. Concentrations are expressed pL/L.
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The areal distributions of methane in the near bottom waters appear as

ellipses,  elongated in the direction of the axis of  the basin (see

Figs. 6a,b,c).  For modeling purposes, we chose the bottom boundary layer

thickness to be 20-30 m, depending on the season, and a planar source of

sufficient width to mimic the concentration field at the source. I n i t i a l

concentrations along the source are interpolated from depth-averaged observa-

t i o n s . The mean velocity, u, is the only adjustable parameter, because the

biological rate constant that governs the consumption rate of ❑ ethane was

measured. The value of the Ky is scale dependent and is calculated as a

function of  the Lagrangian distance (see Sec.  5.1).

6 . 2 . 1 . August 1980

The depth-averaged distribution of methane in August 1980 is shown in

Figure (6a) and is redrawn onto rectangular coordinates shown in Figure (32a).

The best model fit to the observations is shown in Figure 32b for u = 2 cm/s

and k = 8.6xlo-8/s. Because the source (x=O) bisects the plume,  the model

fit shown in Figure (32b) is only representative of the downstream portion of

the plume. A velocity of 3 cm/s also was assumed, but resulted in un-

realistically large concentrations along the axis of  the plume. Thus, we

conclude that the mean velocity in August 1980 was ~ 2 cm/s . Because of the

scale of the plume, Ky ranges  f rom 1X 1 06 cm2/s  to 2X 1 06 cm2/s  (Okubo, 1971).

The elongation of the plume in the northwest direction suggests a weak

current along the shelf in general agreement with the observations (Kinder

and Schumacher, 1981). However, an onshore component is also evident in

Figure (32a). This is also in agreement with refinements in the current

trajectories that recently have been made (J.  Schumacher,  personal

communication). Current meter deployments made between March and December 1976
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indicate vector mean speeds of 2-4 cm/s in the lower 15 to 20 m of the water

column (Kinder and Schumacher, 1981). Our model simulation suggests that

the mean current speed will fall in the lower range when the effects of

diffusion in the x-direction are taken into account.

The presence of significant concentrations upstream of the source

demonstrates the broad extent of the source and the importance of alongshelf

d i f fus ion .  The  model  used  here  d id  not  expl i c i t ly  inc lude  a longshel f

d i f fus ion ;  consequent ly ,  th is  e f fec t  i s  accounted  for  in the  ve loc i ty  term.

6 . 2 . 2 .  F e b r u a r y 1981

The depth-averaged distribution of methane during Feburary 1981 is

shown in Figure (6b) and has been remapped onto a rectangular grid for model

simulation (Fig.  33a).

The average concentration in February 1980 was lower than that measured

in August. The plume trajectory is the same as August, and extends about

200 km downstream of the source (e.g. 300 nL/L  contour). The width was

reduced to about 120 km as compared to 280 km in August.

The best fit to the observed distribution was again obtained with

u = 2 cm/s and k= 5.6 x 10-8/s (Figure  33b). The biological rate term was

smaller in February, presumably due to the reduced water temperature. As

before,  the mean velocity , u, was arbitrarily increased to 3 cm/s to test

model  sens i t iv i ty . The fit  to the distribution was not improved. Therefore,

we conclude that the mean velocity in February was less than 2 cm/s in

agreement with the model predictions for August 1980.

6.2.3. May 1981

The depth averaged distribution of methane observed in May 1981 is

shown in Figure (6c) and is remapped into the model grid shown in Figure (34a).

The maximum concentration of methane (near SG70) was 1200 nL/L and was lower
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than was observed during the two previous visits.  The relatively low

abundance of methane in May is believed to be related to the vertical carbon

flux and possibly the bottom temperatures,  as described earlier.  The orien-

tation of  the plume is as before,  except that its cross-shelf  extent is much

smaller than was observed in August 1980. Asymmetry of the plume suggests

short term variations (< 1 month) in the speed and trajectory of the flow,

which is not unexpected in the dynamic outer shelf region of the Bering Sea

(Kinder and Schumacher, 1981a). As noted before the plume is elongated

toward the northeast, suggesting a weak flow in that direction.

The best fit to data was achieved with the source function shown in

F i g u r e  (31b), u= 2 cm/s, and k= 9.2x10-8/s. The biological rate constant,

which was determined by in vitro experiments aboard ship, is larger than was.—

observed during the two previous visits. The goodness of fit was not improved

by increasing the velocity,  indicating as before,  that the mean velocity was

probably~  2 cm/s.

6.2.4. Summary of St. George Basin Studies

The distributions of methane in the benthic boundary layer were modeled

to determine the mean current trajectory, mesoscale  mean current velocities,

and the characteristic of  diffusive mixing. Model simulations were made on

three distributions observed in August 1980, February 1981, and May 1981.

The source of the methane is believed to be organic-rich sediments

deposited on the basin floor of St. George Basin. The organic carbon content

varied from about 0.5%  at the edges of the basin to slightly more than 1% at

the center of  the distribution. The distribution of carbon is nearly circular

and appears to be related to circulation processes over the outer shelf .  A

cursory examination of the dynamic height field suggests a divergent flow

near the location of high carbon concentration, which might result in the
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accumulat ion  of fine detrital

sedimentary size analysis, we

carbon to correlate with weak

and organic materials. On the basis of

would expect the accumulation of organic

c i r c u l a t i o n .

The distribution of methane was modeled by establishing a variable

concentration at the boundary and summing the individual plumes. We a lso

assumed that lateral mixing was isentropic, which may not be valid for these

waters. Vertical f lux calculations demonstrated that insignificant amounts

of methane were lost through the pycnocline,  which reduced the model to two

dimensions. Biological oxidation of methane was included in the model in

the

was

basis of in vitro experiments performed on the ship..—

The results of the modeling analyses indicated that the mean velocity

no greater than 2 cm/s, and probably less, This is in complete agreement

with mean flow measurements of 1-2 cm/s. Plume trajectories also showed an

onshore component, which was also in agreement with current meter measurements.

The plumes observed in August 1980, February 1981 and May 1981 all

showed trajectories to the north-northwest,  but significant amounts of

methane were found to the southwest as well. This is indicative of  the low

❑ ean velocities and the significance of  horizontal diffusion in the x-direction,

which

model

would

was not accounted for in the model. We conclude that a more sophisticated

that includes flux divergence in the x-directica  as well as the y-direction

predict a lower mean velocity than the 2 cm/s cited above. There is

also  reason to believe that the mixing is anisentropic,  namely that diffusive

transport  in  the  x -d irect ion  i s  larger  than in  the  y -d irect ion . The reason

for  th is  be l ie f  l i es  in  the  d is tr ibut ion  o f  the  mass  f ie ld .  F low parallel  to

t h e  isobaths  is along isopycnal sur faces ,  whi le  cross -she l f  f l ow is  across

isopycnals. On this basis we would expect that K x > ~ and that the plume

asymmetry is strongly influenced by the

divergence terms, particularly at these

imbalance in the horizontal f lux

low mean velocities.
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The impact of these f indings is particularly relevant to offshore
.-

exploration and production activities. These analyses as well as the

current meter measurements show the St. George Basin region to. be

characterized by weak currents and relatively long residence times. O i l

spilled or retained in the near-bottom waters will not be removed rapidly by

c irculat ion  processes ;  there fore  the  r i sk  to  mar ine  habi tats  i s  e levated .

However, the actual impact depends on the nature of the spill and the

quant i ty  o f  o i l  sp i l l ed . This point wili be treated in the next section.

6.2.5 Oil Spill Scenario, St. George Basin

In the preceding discussion, we have considered the circulation

characteristics of two subregions of the southeastern Bering Sea.

Specifically the studies centered on the near-bottom circulation of  St.

George Basin and the coastal zone along the North Aleutian Shelf. In each

case, we used a localized  source of dissolved methane to describe advective

and diffusive scales applicable to each region. This information is

directly applicable to estimating or predicting how spilled oil  might behave

in these areas. We now proceed to develop and test a simple model that will

be useful in describing the concentration field resulting from a spill

event. These models are only

fractions and do not describe

The situation we wish to

o i l  a t  a  f ixed  locat ion ,  such

applicable to the dissolved or emulsified

the behavior of  a surface slick.

simulate here is an instantaneous release of

as might occur in the collision or grounding

of a tanker.

d ispers ion  o f

(Brubaker  and

The three dimensional model that describes the subsequent

oil  under these conditions is given by the following equation

Rote,  1978):
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C(x,y,z,t) = [~ ] ,,p {. (x-”t)’ - s - .&_ ], (7)
(2n)3/2cxcryaz 2a~ 2a2 20:

Y

where Q is the mass of  material released, Ox, G a=, are  the  s tandard
Y’

deviations of the plume as a function of time (t}, and u is the mean velocity

in  the  x -d irect ion . To simplify equation (7),  we will  only consider the

center l ine  d is tr ibut ion  (y=O) for a constant depth interval,  z. Setting

y=z=O,  equation (7) becomes

C(x,t) = [ Q ] exp { - ‘~~”~)z ]
(2n) 3/2axcryaZ x

m

This model describes the time dependent behavior of spilled oil contained

within a well-mixed lens of water (e.g.~ surface-mixed layer above the

pycnocline). This model also predicts the maximum concentration of oil that

will occur along the centerline of the plume. By inspection of equation (8)

it  is  readily apparent that the concentration decreased exponentially in

the  x -d irect ion . To solve equation (8) ,  we need estimates of  Q, u, Ox, Uy,

and u .
z

The model represented by equation (8) was solved for a given spill

scenario stipulated for St.  George Basin (April  1981).  The amount of  oil

sp i l l ed  was  50 ,000  bbl or 6.7 x 108 k g . To solve equation (8), a few

assumptions were made concerning the duration of the spill as well as the

size of  the initial  plume. In this particular prediction, we will  assume

that  ‘worst -case  scenar io , ’ which will  lead to the largest volumetric impact.

The assumptions imposed on the spill scenario are the following. The

spill occurs in the surface waters of St. George Basin in summer. The oil

is instantaneously released and all of it is rapidly mixed downward to— —  —
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the top of the thermocline,  or about 40 m. The oil  is considered conserva-

t ive  ( i . e . ,  does  not  evaporate  nor  i s  i t  b io log ica l ly  degraded) .  A lso ,  no

flux through the thermocline  is permitted. This computation will maximize

the concentration of  dissolved and emulsif ied oil and its impact area.

The concentration of oil at any point in time and space depends critically

on the rate of mixing. The mixing parameters are implicitly embodied in CT
XJ

u and Uz, the standard deviation of the plume as a function of time or
Y ’

d is tance . The parameters are linked through the mean velocity u = x/t. For

the purpose of the model, we assume crz is a constant, whereas ox, Gy are

allowed to vary with t according to the empirical relationships given by

Okubo  (1971). The relevant relationships are:

fJ2 =2(7Grc ~Y

au = 0.0054 t2”34X y

=0.074  ax
‘ Y

o = o.0197t2”34x

(3a)

(9)

( l o )

(11)

The initial size of the spill  is somewhat arbitrary, but for our purpose

here we assume a radial spill of 200 m and a mean

quently,  the average concentration of  oil  is  C =o

= 425 kg/m3 or 425 g/L.

l i ter  o f  seawater .  For

condi t ions ,  recogniz ing

from these results. Q

This amount of oil could

depth of 40 m. Conse-

( 6 . 7 x 1 08 kg)/(200 m)2(40 m)

not be dissolved in one

the sake of simplicity,  we will  retain these initial

that more realistic scenarios can be easily scaled

analogy with equation (8),  the initial plume disper-
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sion parameters are easily calculated, @71 a: = Jzn  u“ = 200 m; J2n
Y

*O = 40 m. Hence  a: = a“ = 80 m and &z = 16 m. The initial concentration
z Y

of o i l  i n  t h e  spill,CO, is equal  t o Co  = Q/(2n)3’2~xuyuz  = 425 g/L.

To examine the temporal development of the spill scenario described

above, we assume mean velocities of 2.5, 5.0, and 10 cm/s, which are in the

range of  observed velocities for St. George Basin (Kinder and Schumacher,

1981a). The results of  the modeling are described in Figures (35),  (36),

a n d  (37), for periods of 2d, 5d, 10d,  and 30 d.  To express the results

generically, we have chosen a relative concentration scale, where Co is the

in i t ia l  concentrat ion  o f  o i l  a t  the  sp i l l .  For  re ference  purposes ,  the

1 ppm and 0.1 ppm concentration lines are also included for comparison.

Organisms are stressed or killed at oil concentrations (water soluble fraction)

in the range 0.1 to 1 ppm.

Figure (35) depicts the plume development for a period of 30 d at a

mean velocity of 2 cm/s. The maximum concentration of oil at 2 d is lx of

the original concentration and occurs at about 4 km downstream. At the

fifth day, the center of mass has moved to 10 km, but lateral diffusion has

decreased the relative concentration to 0.1%. Similar exponential decreases

are noted for the subsequent time periods.

The impact of oil on organisms depends on both duration of exposure and

concentration. The spill being considered here was instantaneous and decays

according to the mathematical representation of the mixing. I f  we  arb i trar i ly

choose the 0.1 ppm reference level, the concentration of oil  is everywhere

less than this value after 16 or 17 d.

In Figure (36) is shown the same spill event except the mean velocity

was increased to 5 cm/s. The immediate effect of  the increased velocity is

to elongate the plume in the downstream direction. At comparable distances,

the maximum concentration of oil is greater at the higher velocities because
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6 . 7 x 1 O  g (50,000 bbls) confined to a 40 m, vertical-lens of water.  The centerline
distribution shows the temporal history of the spill  locus for a mean current speed of
2.5 cm/s. Reference concentrations of  0.1 and 1.0 ppm ‘dissolved’  oil  also are indicated.
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the flux of  oil  across any orthogonal plane must be conserved (i .e.  oil  is

conservat ive ) . At 15 d, the maximum concentration of oil has fallen to

0.01%  of the original concentration at a distance of  64 km. In the present

case, the concentration of oil would be about 0.3 ppm. After 30 d, the

concentration of  oil  is  everywhere less than 0.001%  or 50 ppb.

The situation for 10 cm/s is shown in Figure (37). The plume is elongated

in the x-direction, as noted above. The maximum concentration after 15 d is

about 0.1 ppm and occurs 130 km downstream of the spill site.

In the foregoing, the effect of  increasing the velocity was to increase

the longitudinal transport at the expense of  lateral diffusion. However,

the amount of oil spilled was constant;  therefore,  we expect the environmental

impact volume to be the same regardless of the velocity. The geometry of

the plume will, however, be different. To estimate the impact volume  of the

hypothetical spill  given above , we need only consider the temporal development

of the plume and the concentration of oil above any given threshold level,

say O.l ppm. Considering the 5 cm/s case (Fig. 36), the plume length to

width was estimated for each period of time in which the concentration

exceeded 0.1 ppm. For example, at 10 d (5 cm/s),  the length (x) of the

plume was 38 km and its width (y) was about 10 km. As the center of mass of

o i l  i s  t ransported , it  diffuses laterally and becomes more dilute. Because

the diffusion coefficient is increasing as the size of  the plume grows,

these two effects combine to form a maximum extent in the y-direction to

which we might expect biological effects. That downstream distance is about

40 km in the case where u = 5 cm/s. Beyond 40 km, the plume continues to

grow, but its biological impact is diminishing due to dilution with surrounding

water, According to our calculations, the ❑ aximum areal extent of the plume

is 450 km2 and would persist for about 15 d. It should be noted that the

calculated area represents an accumulated effect area, not an instantaneous
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e f fec t  area . The maximum instantaneous area affected would occur at about

40 km downstream and would be about 38 km x 10 km= 380 kmz. Since we

assured initially a homogeneous lens of water 40 m deep, the volume impact

area would be about 18 km3.

The scenario discussed above is not totally

smal l  f ract ion  o f  sp i l led  o i l  i s  ac tual ly  go ing

r e a l i s t i c  in that only a

to be accommodated in the

water column as dissolved or emulsified oil . If we assume that only 10% of

the total oil  is accommodated, then the potential impact area is reduced to

about 40-50 kmz, an area very much smaller than the surface area of St. George

Basin.

These elementary calculations suggest that a point source injection of

oil (i.e., well  blowout or tanker spill )  of  the magnitude of  50,000 bbl’s

will  result in relatively small  amounts of  dissolved and/or emulsified oil

in the water column and that a reasonable impact area from such an injection

is no larger than 450 km2 (given a 0.1 ppm threshold).  More than likely it

i s  a  fac tor  o f  ten  less . These results only apply to the open reaches of

St. George Basin and do not apply to the coastal zone of the NAS, where the

hydrography and the proximity of the beach result in a much different set of

condi t ions .

6.2.6 Horizontal Transport of Methane

In fitting the model to the observed distributions,  a source function

was hypothesized in terms of the concentration along a line bisecting the

source region (e.g.  see Figure 32a). It was assumed that the source of the

methane was diffusive flux from the underlying sediments, or perhaps from

methane production arising from microbial activity at the sediment-water

interface. In either event, the near-bottom transport of ❑ ethane must equal

the  integrated  benthic  production rate corrected for biological loss.
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To evaluate the bottom flux of methane, we collected five vertical

methane profiles to 50 cm in May 1981. Two such profiles taken in May 1981

are shown in Figure (38), where the vertical distributions of methane in the

water column and in the sediments are shown. In each case, the maximum

concentration in the sediment is approximately a factor of 10 above the

bottom boundary layer concentration. The gradient across the sediment-

water interface in part explains the accumulation of methane in the bottom

waters of St. George Basin. The average flux to the water column, based on

a molecular diffusivity of  CH4 of 8.5x10 -5 cm2/s  (Witherspoon  and  Bonoli,

1968), was 1x1O
-14

g/cm2/s (Katz  e t  a l . , 1982)  . Assuming an area of

2.0X1014 cmz (r=80 km), the integrated methane production rate is 2 g/s.

Integrating the production curve shown in Figure (31c) and assuming a mean

velocity of 2 cm/s,  we obtain a horizontal transport of 23 g/s,  a factor of

10 higher than the benthic  flux would suggest. The explanation for the

difference may lie in the assumptions. By assuming a slightly larger

molecular diffusivity (e.g.  bioturbation  in the upper 10 cm of the sediment

column, Berner,  1980) or decreasing the mean velocity, a match could be

achieved. Both of these parameters could be adjusted by appropriate factors

to achieve the end result without perturbing seriously the known variances.

Also, the interstitial water measurements do not measure production that

might occur at the sediment water interface. Consequently, we conclude that

methane production rate in the region of elevated carbon concentrations is

in agreement with Lhe horizontal transport derived from the model, if we

assume a larger molecular diffusivity and/or a lower mean velocity. Our intuition

is that the mean velocity is no larger than 2 cm/s and could  very well be

much lower if anisentropic mixing were invoked.
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6 . 2 . 7 . Vertical Transport of Methane

St. George Basin is normally stratified due to seasonal changes in

solar insolation and freshwater input. The strength of the pycnocline

varies seasonally depending on buoyancy input and the depth of the ❑ i x e d

layer, but appears to be a maximum in late summer or early fall, and a

minimum in late winter. Regardless  of season, the density difference

between the surface layers and the bottom is about one sigma-t unit (e.g.,

25 to 26),  but the gradient changes significantly over the year.  This

change is the gradient results in a variable vertical f lux of dissolved

constituents because the apparent vertical eddy diffusivity is a function of

s t a b i l i t y  (Welander,  1 9 7 5 ) . In this section we test a simple model that

estimates the magnitude of K v.

On previous visits to St. George Basin it was observed that the vertical

distributions of salt and methane were similar, suggesting that methane was

quasi-conservative. A plot of methane versus salinity was usually linear

(Fig. 39), implying that the vertical flux of methane from bottom sediments

was impeded by the pycnocline. In an analagous  fashion, the vertical

transport of  dissolved components of  petroleum or micro-droplets of  oi l
. .

would  be -s imi lar ly  inhib i ted .

In order-to quantify the magnitude of Kv within the pycnocline,  Station

PL6 was occupied on two occasions in August 1980. Detailed measurements of

salinity, temperature, and methane were made. The results of these measure-

ments are shown in Figure (7). Note that the concentration of methane

decreases approximately a factor of five between the bottom and the surface

(100 m to 60 m), while at decreases abruptly over the same depth range.

Assuming for the ❑ oment that methane is conservative, the vertical flux

of methane across any horizontal plane is equal to the bottom flux or to the
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air -sea  evas ion  rate  ( see  Sect ion  5 .2 ) . S ince  the  lat ter  i s  more  eas i ly

estimated, a monthly mean air-sea flux was calculated from a knowledge of

mean winds and sea surface temperatures. This value is equal to the product

of the methane gradient and the apparent vertical  eddy diffusivity (eq.  6) .

The estimated Kz within the pycnocline was plotted against stability

(Brunt-Vaaisaala  Frequency) and is shown in Figure (40).  In the near surface

l a y e r s ,  Kz ranged from 20-50 cm2/s in agreement with the high shear stresses

below the mixed layer. Below 50 m, Kz decreased dramatically to a minimum

of 0.2 cm2/s  near 65 m, then again increased to values in excess of  1 cm2/s

as the bottom boundary layer was approached. The slope of the line was

-0 .5 ,  which  indicates  that  vert i ca l  mix ing  i s  the  resul t  o f  vert i ca l  shear

rather than the cascade of energy from large scale turbulence (Welander,

1975) .
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Figure 40. The relationship between the apparent vertical  eddy diffusivity,
K , and the Brunt-Vaaisaala Frequency, N2, at Station PL6 in August
1$80. The  theoret i ca l  re lat ionship  for  shear - induced  turbulence  i s
-0.5, which is shown by the dashed Lines.
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The conditions modeled were typical for late summer and fall and indicate

that vertical exchange is strongly retarded by the density gradient. However,

what is of  interest is the relative magnitude of the vertical f lux of methane

across the pycnocline  compared to

exercise, we assume the following

the horizontal f lux. For this scaling

conditions, which existed in August 1980:

*
Kz = -40.2 cmz/s, d(CH4)/dz  =5.0 x 10 riG/cm4

‘ h
=  1.OX 1 06  cm2/s, d(CH4)/dx  = 1 . 1  x  10-7  nL/cm4

It is readily apparent that Fh >> Fz, thus to a first approximation, the

horizontal flux terms dominate the distribution of methane in the bottom

boundary layer and our original assumption that the vertical flux divergence

term could be ignored appears valid (see section 6.2).  Even if  one in-

c r e a s e s  Kv to 1 cm2/s and reduces K to lx105cm2/s,  the  hor izonta l  terms
h

remain dominant for a plume of the observed dimension.

This argument holds true for the velocity terms as well. The advective

flux is the product of the mean velocity and the concentration at a specified

po int . Assuming a ❑ ean velocity of 2 cm/s and a methane concentration of

1000  nL/L  (1.0 nL/cm3), the advective flux is 3 nL/cm2/s  compared to the

horizontal f lux divergence of  0.1 nL/cm2/s. Clear ly ,  the  d is tr ibut ions  o f

methane in the bottom waters of St. George Basin are strongly influenced

the weakest mean flows, even those that are at or below the threshold of

conventional current meters.

by
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7.1.

7. CONCLUSIONS

North Aleutian Shelf Studies

Dissolved methane, tidally-fluxed from Port Moller,  was used as a

quas i - conservat ive  t racer  o f  c i rculat ion

Three separate observational periods were

1981, and May, 1981. The distribution of

along the North Aleutian Shelf.

covered, August 1980, F~bruary

dissolved methane along the coast

was described using a two dimensional diffusion-advection model, which

included a term for biological oxidation and sea-to-air exchange.

The results of the modeling effort predicted mean velocities along the

shelf (z<50  ❑ ) of 3-6 cm/s. These estimates represent mean

the scale length of the tracer, or about two months. Short

in the velocity f ield ( i .e.  storm surges) were not

the characteristic time scale is much shorter than

The seasonal distributions of methane clearly

bottom bathymetry and horizontal shear. The model

detected

v e l o c i t i e s  o v e r

term variations

by the tracer as

one month.

showed the importance of

was modified to partially

account  for  bathymetry,  but not for a variable u and k. The imer front,

located at about 50 m, separates the well mixed shelf water from the seasonal-

ly  s trat i f i ed  o f f shore  water . Both salinity and methane distributions

showed clearly

gradients were

front  re lat ive

the location of  the front,  but because the cross frontal

weak, it  was impossible to quantify the significance of the

to offshore transport. Because of these factors the model

fits were not good, but parametric analysis demonstrated that the mean

velocity is certainly within the above-stated range.

The model included a variable horizontal eddy diffusivity, Ky, which

was scaled to the Lagrangian distance, ut. From our analysis, it appears

that the empirical relationships presented by Okubo, 1971, are valid for Ky.

Ky varied from about 2 x 10scm2/s to 2 x 106cm2/s,  depending on the size of
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tile plume. For smaller sources, such as an oil spill, the horizontal eddy

diffusivities  would be correspondingly smaller.

7.2. St. George Basin Studies

St. George Basin is a fault graben located on the outer continental

shelf of the southeastern Bering Sea and is a potential lease area for gas

and oil development. First observed in 1975 and again in 1976, the organic-

rich sediments of  the basin represent a significant source of  biogenic

methane, which could be used as a Lagrangian tracer of mean circulation. To

accomplish this, however, a much tighter observational grid was implemented

and a series of seasonal observations was conducted in August 1980,

February 1981, and May 1981.

The distribution of dissolved methane in the lower boundary layer was

simulated using a two-dimensional diffusion-advection model like the one

used for the North Aleutian Shelf. It  differed, however, in that no air-sea

evasion term was included. The results of the modeling indicated that the

mean velocity was 1-2 cm/s and independent of season. These velocities are

quite low and are in complete agreement with the measured currents. The

above velocities may be an over estimate, because diffusion in the x-direc-

tion was not explicitly included in the model.  Consequently,  the inclusion

of anisentropic mixing could result in the same distribution as was modeled

with a variable K and constant u. There is some basis for this belief  as
Y

mixing along shelf  is isopycnal  in contrast to mixing across shelf  which is

not . In either event, the mean velocities are low, which is supported by

current meter measurements and the accumulation of fine-grained  sediments.
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